Background
Introduction
It is well established that therapeutic irradiation can favor the development of a second primary malignancy several years later. Indeed, given the improvement of anti-cancer therapeutic regimens, the occurrence of therapy-related metachronous tumors is rising along with the increased survival. Notably, long-term survivors previously treated for Hodgkin's Lymphoma (HL) or breast cancer may develop a solid metachronous tumor in the irradiated area [1, 2] . Among the treatment-related metachronous tumors, esophageal carcinoma has also been reported [3, 4] and previous studies have documented an increased esophageal cancer risk in breast cancer long-term survivors, possibly related to radiotherapy [5, 6] .
The two predominant sporadic esophageal cancer histotypes are the squamous cell carcinoma (ESCC) and the adenocarcinoma (EADC) that are considered to have different etiological origin. The risk factors for ESCC are believed to be smoking, alcohol abuse and chronic inflammation, whereas EADC is mainly associated with gastro-esophageal reflux and obesity [7] [8] [9] . These two histologies are also represented in second primary esophageal carcinoma.
Although several studies have investigated the epidemiology of therapy-related metachronous tumors, only little information on their genetic abnormalities is available and there are no data on therapy-related esophageal cancers. Esophageal carcinomas arise following a multistep process and the acquisition of genetic alterations is tightly related to tumor progression.
Loss of heterozygosity (LOH) studies, conventional comparative genomic hybridization (CGH) and multiplex ligation-dependent probe amplification (MLPA) analyses demonstrated the genetic complexity behind the esophageal carcinogenesis. ESCC and EADC are characterized by recurrent losses or gains, some common and others unique, at chromosomal regions 3p, 4q, 5p, 5q, 8p, 9p, 13q, and 21q [10] [11] [12] [13] [14] . In particular, deletions at chromosomal region 3p26.3-p14.2, that contains candidate tumor suppressor genes as FHIT, TGFBR2, FBLN2 and WNT7A, are one of the most frequent abnormalities in both ESCC and EADC [15] [16] [17] , as well as deletions at 5p12, 5q11.2-q14.3 and 5q31 [11] [12] [13] 18] . Using MLPA analyses, we previously reported that the region containing MSRA and CTSB (8p23.1) genes is lost at high frequency in ESCC [12] . A very close region (8p23.2-p21.3), containing the candidate tumor suppressor genes DLC1, LZTS1, MTUS1 and PSD3, was found to be an LOH hot-spot in ESCC by other groups [11, 15, 19] . Conversely, chromosome 4 exhibits high LOH frequency in EADC, which, however, is characterized by a more widespread genomic instability [12, 18] . Several studies have shown the frequent allelic loss at 9p21.3 chromosomal band, containing the tumor suppressor genes CDKN2A and CDKN2B, suggesting that their inactivation could be relevant for ESCC and EADC development [15, [18] [19] [20] [21] . In ESCC, and less frequently in EADC, LOH was also reported for the region 13q13.1-q14.2 containing the tumor suppressor genes BRCA2 and RB [10, 12, 15, 22] , and for the 17q21.3 that includes the tumor suppressor gene BRCA1 [16, 23, 24] . Conflicting results concerning the presence of microsatellite instability (MSI) in esophageal cancer are available, with the majority of reports showing low MSI frequency in both ESCC and EADC [25] [26] [27] [28] .
As mentioned before, only few studies investigated the genetic alterations of therapy-related second primary cancers, and they mainly concern lung or breast cancer developed in HL longterm survivors [29, 30] ; so far, no data are available on therapy-related metachronous esophageal carcinomas, probably due to their rather low incidence.
In this study, for the first time, we analyzed at the molecular level esophageal cancers developed in HL or breast cancer long-term survivors to address the question whether they are characterized by peculiar chromosomal changes that distinguish them from the sporadic counterpart.
Materials and Methods

Selection of patients and sample collection
Formalin fixed paraffin-embedded (FFPE) surgical specimens from tumor and matched normal tissues (i.e. distant from the tumor) of 20 patients with metachronous esophageal cancer, collected from 1991 to 2010, were analyzed. Among them 14 were ESCC and 6 EADC, 12 developed in HL and 8 in breast cancer long-term survivors. As a cure for the first neoplasia, all patients received gamma radiation (range 36-40 Gy for HL and 50 Gy for breast cancer) together with chemotherapeutic drugs, mainly alkylating and/or antimitotic agents. The latter, contrary to gamma radiation, have changed in both typology and dosage during the long period of sample collection. As controls, 26 paired FFPE surgical specimens of sporadic esophageal cancers (15 ESCC and 11 EADC), selected from consecutive patients diagnosed within [2004] [2005] [2006] [2007] [2008] , were included in the study. All the cases considered were retrieved and reviewed from the archives of the Surgical Pathology and Cytopathology Unit at the University of Padova. Samples were obtained from patients who underwent esophagectomy without pre-operative radiotherapy or chemotherapy. For some patients we also collected peripheral blood lymphocytes, and the extracted DNA was used as internal control to assess the reproducibility of data obtained from the FFPE-derived DNA. The study had the consent of the Research Ethics Committee of the Veneto Institute of Oncology, IOV-IRCCS, Padova, Italy. The Research Ethics Committee waived informed consent of patients due the retrospective nature of the study. Prior to analysis, a numerical code was assigned to each sample in order to anonymize and deidentify them.
DNA was extracted from 7-10 × 10 μm sections of FFPE samples using the QIAamp DNA Mini kit following the manufacturer's instruction (Qiagen, Milano, Italy) or an automated DNA extractor (MagNA Pure Compact, Roche, Milano, Italy). The concentration and quality of the extracted DNA were tested with NanoDrop 1000 spectrophotometer (Agilent Technologies, Santa Clara, CA, USA); no difference in DNA quality was observed between the two methods used. Tumor samples exhibiting a neoplastic cellularity lower than 70% were enriched in the neoplastic component by manual macrodissection using a hematoxylin and eosin stained slide as a guide for the unstained serial slides. DNA from peripheral blood samples was extracted with the Flexigene kit (Qiagen, Milano, Italy).
LOH and MSI analyses
DNAs from tumor and matched normal samples were analyzed using primers for the following microsatellite markers: D3S3727 (3p24.1), D5S2106 (5p12), D5S623 (5q11.2), D8S1130 (8p23.1), D9S942 and D9S171 (9p21.3), D13S260 (13q13.1), D13S267 (13q13.2), D17S1323 and D17S1327 (17q21.31); the forward primers were labeled at 5'-end with FAM, HEX or VIC fluorescent dyes (Sigma Aldrich, Milano, Italy). DNA was amplified in a 10 μl total polymerase chain reaction (PCR) volume containing PCR Gold buffer (Life technologies, Monza, Italy), 250 μM each of dATP, dCTP, dGTP, dTTP (Life technologies, Monza, Italy), 0.4 μM each of forward and reverse oligonucleotide primers, and 1 μl of Q-solution (Qiagen, Milano, Italy). A DNA amount of 20-30 ng was used in each PCR, and, depending on the PCR reaction, we utilized MgCl 2 and AmpliTaq Gold DNA polymerase (Life technologies, Monza, Italy) at concentrations ranging from 1.5 to 2.5 mM and 0.04 to 0.1 Units, respectively; details are reported in the supplementary S1 Table. PCR reaction product was analyzed by capillary electrophoresis using the 3730xl DNA analyzer (Life technologies, Monza, Italy).
LOH was defined as a reduction of 30% in the fluorescent signal of one allele in the tumor sample compared with its normal counterpart. Samples were considered MSI positive if new peaks or changes in the microsatellite fragments were present in the tumor sample compared with its normal counterpart. The fractional allelic loss (FAL) index was calculated for each patient as follows: total number of loci with LOH / total number of informative loci.
Statistical analysis
Statistical analyses, to assess possible significant differences between therapy-related metachronous esophageal cancer samples and sporadic ones, were performed using the MedCalc software (v.12.2.1). Mann-Whitney and two-tailed Fisher's exact tests were applied for continuous and categorical variables, respectively. Although this study, due to the low incidence of metachronous esophageal cancers in patients with a past history of HL or breast cancer, should be considered as a pilot study, we calculated that our sample size, setting α at 0.05 and assuming a difference of LOH proportions of 0.45, will reach a power of 80%.
Results
Characteristics of patients
A total of 20 metachronous esophageal cancers developed in HL (12 pts) or breast cancer (8 pts) long-term survivors were included in this study; among them 14 were ESCC and 6 EADC arisen after a median latency period of 20 years (range 3-40). Twenty six sporadic esophageal cancers (15 ESCC and 11 EADC) were included as control.
As reported in Table 1 , the clinico-pathological characteristics of both groups were similar. However, given the low incidence of primary esophageal cancer in young people, the median onset age in the sporadic esophageal cancer group was higher than that observed in the treatment-related metachronous tumors (62 years, range 39-83 vs. 53 years, range 26-77). Women were over-represented in the metachronous cancer group (75% vs. 23%) because a consistent part of these tumors developed in female breast cancer long-term survivors. However, a high prevalence of second primary esophageal tumors was also observed in women with a history of past HL (7 out of 12 pts), suggesting a link between the occurrence of a metachronous esophageal carcinoma and the previous therapy. Indeed, sporadic esophageal cancer had usually a rather lower incidence in woman than in man (1:7 ratio) [31, 32] .
Genetic alterations analysis
LOH and MSI frequencies were analyzed using 10 microsatellite markers mapping nearby genes that may contribute to carcinogenesis, and located in 7 chromosomal regions reported as commonly deleted in sporadic ESCC and EADC (i.e. 3p24; 5p12; 5q11; 8p23; 9p21; 13q13; 17q21) ( Table 2 ).
At first, given the putative common etiology of the metachronous tumors (i.e. exposure to carcinogens such as gamma radiations and chemotherapeutics), we compared the frequencies of genetic alterations in metachronous ESCC and EADC vs. their sporadic counterpart, to search for specific therapy-related abnormalities, regardless of their histotype. We found that, in therapy-related metachronous esophageal carcinomas the genetic alterations and their frequencies did not significantly differ from those of sporadic cancers with, however, some exceptions: the 8p23.1 and the 17q21.31 regions showing a higher LOH frequency in the sporadic esophageal carcinomas. The difference reached the statistical significance at 17q21.31 (p = 0.018) and only a trend of significance at 8p23.1 (p = 0.07) ( Table 3) .
When we took into account the histological tumor types, rather than their theoretical etiology, stratifying the metachronous and sporadic cancers by histotype, some degree of genetic specificity came up. Indeed, we found that in both metachronous and spontaneous ESCC the LOH frequencies at chromosomal regions 3p24.1, 5q11.2, 9p21.3 were much higher than in EADC. The difference reached the statistical significance at 5q11.2 region (p = 0.02) and a trend at 9p21.3 region (p = 0.08) ( Table 4) . No specific alterations at high frequency and shared by metachronous and spontaneous EADC were found; on the contrary, dissimilar frequencies at 5p12 (100% vs. 57%), and 17q21.31 (0% vs. 83%) were observed (Table 4) .
Considering the genetic instability at individual level, we observed that both therapy-related metachronous ESCC and EADC had a fractional allelic loss (FAL) index lower than their sporadic counterpart (Fig. 1) . MSI analysis showed that metachronous esophageal carcinomas presented the same genomic instability of sporadic tumors. Indeed, by using the same 10 microsatellite markers of the LOH analysis, we observed that at least one MSI event was present in 21% of the therapy-related ESCC patients vs. 33% of the sporadic ones, and in 17% of therapy-related vs. 18% of the sporadic EADC (Table 3) .
Discussion
The high occurrence of metachronous tumors, within or nearby the irradiated area, in HL or breast cancer long-term survivors had suggested a correlation between the development of these malignancies and the previous radiotherapy [1, 2] . Besides the high occurrence of metachronous breast and lung tumors as a consequence of radiotherapy in HL or breast cancer patients, also esophageal cancer has been reported as result of the incidental irradiation [3, 4] . In particular, epidemiological studies have reported an increased incidence of esophageal cancer in women who received radiation for breast cancer [5, 6] . So far, little information is available regarding the genetic alterations that characterize these second primary cancers; in particular, it is not known if they follow specific pathways of carcinogenesis, distinct from those of the sporadic forms. Previous studies reported no significant differences in the pattern of genetic alterations in radiation-induced and spontaneous astrocytomas [33] . By contrast, radiation-associated sarcomas and meningiomas exhibited genetic alterations different from those detected in their sporadic forms [34, 35] . Contradictory results are available concerning second primary lung or breast cancers arisen after therapy for HL, with post-HL lung cancers exhibiting a LOH frequency similar to the sporadic counterpart, and post-HL breast cancers showing a significant higher frequency of allelic loss, compared with sporadic tumors [30] . MSI has also been reported in pediatric second primary neoplasms and post-HL lung and breast cancers [30] .
We studied patients with metachronous esophageal cancer developed in long-term survivors who received local regional gamma radiation for a previous HL or breast cancer. The high number of women in post-HL metachronous esophageal cancers (7 out of 12 pts) strongly suggests a causal association between the prior therapy and the second primary tumor onset. More to the point, the incidence of sporadic esophageal tumors in women is much lower. We are aware that a limitation of the study is the relative low number of analyzed samples mainly due to the fact that therapy-related esophageal cancer is a very rare event. Nonetheless, to our knowledge, this is the first study that investigates LOH and MSI in samples of metachronous esophageal cancers developed in HL or breast cancer long-term survivors.
LOH and MSI frequencies were evaluated at chromosomal regions known to be frequently altered in sporadic esophageal cancer with particular attention to loci nearby genes involved in DNA double strand break (DSB) or in the oxidative damage repair pathways (i.e. BRCA1, BRCA2, RAD1 and MSRA). Results showed that the overall LOH frequency was similar among metachronous and sporadic esophageal tumors for the majority of the analyzed regions. However, the regions probed by D8S1130 (8p23.1), D13S260 (13q13.1), D17S1323 and D17S1327 (17q21.31) exhibited lower LOH frequency in metachronous tumors than in the sporadic ones with the D17S1327 reaching a statistical significance (p = 0.018). Altogether, these findings are quite intriguing since the microsatellite markers used to investigate these regions map near to BRCA2 (352 Kb) and BRCA1 (95 Kb and 232 Kb) genes (see Table 2 ), two key oncosuppressor genes involved in DSB repair pathway [36] . DSB repair is a typical repair mechanism of ionizing radiationinduced DNA damage, therefore we expected a major involvement of these regions in the therapy-related metachronous cancers [37] . On the contrary, the same regions resulted to be more stable in the latter than in the sporadic esophageal cancers.
Furthermore, when we considered separately, our data pointed out some differences between ESCC and EADC, suggesting that some chromosomal abnormalities are mainly related to tumor histotype rather than to therapy. Indeed, allelic losses at chromosomal regions 3p24.1, 5q11.2, 9p21.3 and 13q13.2, were more common in metachronous ESCC than in metachronous EADC, as observed herein, and previously reported, for sporadic ESCC and EADC [12] .
These findings might suggest that alterations at the above mentioned regions are causal in the development of ESCC but incidental in the carcinogenic process of EADC.
High LOH frequency at the 5p12 chromosomal region, probed by the microsatellite marker D5S2106, was observed in metachronous EADC; in contrast, sporadic EADC and both forms of ESCC showed low LOH frequency at this locus. Interestingly, the RAD1 gene, involved in DSB repair, maps near the region probed by the used microsatellite marker. Thus, it seems that no distinct molecular markers, able to discriminate between therapy-related and spontaneous ESCC, exist. On the contrary, the high LOH frequency at the 5p12 region found only in the metachronous EADC might suggest the presence in this region of a genetic determinant linked to the development of therapy-related EADC.
We also found that sporadic ESCC and EADC exhibited a higher fractional allelic loss (FAL) index than their respective therapy-related tumors, suggesting that transformation processes in the latter might require fewer events than in the sporadic counterpart. MSI frequency was very low in both groups at all analyzed regions. This finding is in agreement with previous studies on sporadic esophageal cancers indicating MSI as a rare event in both esophageal tumor histotypes [25, 27, 28] . This data also indicates that therapy-related metachronous esophageal cancers do not have the mutator phenotype that is usually considered as a paradigm for cell transformation after radiation exposure [38, 39] .
In conclusion, no high-level peculiar genetic alterations were found in therapy-related esophageal carcinomas, suggesting that their transformation process retraces the one that occurs in the sporadic forms. We also found that therapy-related esophageal cancers reiterate the molecular differences between ESCC and EADC highlighting the existence of a histotypespecific signature.
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